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Abstract - Ifproven, the concept of drift shadow, a zone of reduced water content and slower ground-water travel titne 
beneath openings in fractured rock of the unsaturated zone, may increase performance of a proposed geologic repository for 
high-level radioactive waste at Yucca Mountain. To test this concept under natural-flow conditions present in the proposed 
repository horizon, isotopes within. the uranium-series decay chain (uranium-238, uranium-234, and thoriutn-230, or 2 3 N ~ -  
2 3 4 ~ - 2 3 0 ~ h )  have been analyzed in samples of rockfrom beneath four naturally occurring lithophysal cavities. All sannples 
show 2 3 4 ~  depletion relative to parent 2 3 8 ~ ,  indicating varying degrees of water-rock interaction' over the past million yecrrs. 
Variations in 2 3 4 ~ / 3 8 ~  activity ratios indicate that depletion of 2 3 4 ~  relative to 2 3 8 ~  can be either smaller or greater in rock 
beneath cavityfloors relative to rock near cavity margins. These results are consistent with the concept of drifi shadow and 
with numerical simulations of meter-scale spherical cavities in fractured tuff Differences in distribution patterns of 
2 3 4 ~ J 3 8 ~  activity ratios in rock beneath the cavityfloors are interpreted to reflect ddgfferences in the amount ofpust seepage 
into lithophysal cavities, as indicated by the abundance of secondary mineral deposits present'on the cavity floors. 
I. INTRODUCTION 
c 
Effective waste isolation strategies for the high-level radioactive waste repository proposed in the thick unsaturated zonc 
(UZ) at Yucca Mountain, Nevada (Fig. I), depend in part on only small amounts of water that would contact waste canisters 
placed in underground drifts [DOE 2002a, section 1.2; DOE 2002b, section 4.21. Capillary forces in the fractures and matrix 
surrounding a drift may prevent ground water percolating through the UZ from seeping into the opening (also called "seepage 
exclusion") [Philip et al. 1989, Houseworth et al. 20031. Unless gravity forces can overcome capillary forces at the walls of 
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the drift, water will remain in the rock mass and be diverted around the drift, locally altering the pattern of UZ flow. As a 
consequence, the drift may act as a barrier to downward percolation, forming a zone of reduced water content and UZ flow 
velocity beneath the opening relative to conditions in the adjacent rock mass [Birkolzer et al. 1999; DOE 2002, 
Section 4.2.8.3.1, Figure 4-1 17). This concept, called "drift shadow," would benefit natural-barrier performance at Yucca 
Mountain by reducing seepage and increasing UZ travel times of radionuclides released from waste canisters. This ongoing ' 
study was designed to investigate the presence of isotopic and chemical variations that may have developed over the last 
several hundred thousand years around natural, meter-scale cavities in welded tuffs of the proposed repository horizon. This 
paper documents progress through the end of 2005. 
For this study, radioactive disequilibrium in the natural uranium (U)-series decay chain was relied on to identify 
elemental and isotopic fractionation generated during water-rock interaction [Chabaux et al. 20031. In geologic systems that 
remain closed to mass transfer, isotopes in the 238~-series decay chain attain a state of secular equilibrium, where 2 3 4 ~ / 2 3 X ~  
activity ratios (AR) are equal to unity (1.0). However, alpha (a) decay of 2 3 8 ~  may cause direct ejection of the daughter 
nucleus from the solid, radiation damage at the surface of the solid, and radiation-induced oxidation of daughter 2 3 4 ~  
[Rosholt et al. 1963, Kigoshi 1971, Gascoyne 19921. These processes result in U-isotope fractionation due to preferential 
dissolution of the 2 3 4 ~  daughter isotope relative to the parent 2 3 8 ~  isotope in the presence of migrating water [Osmond and 
Cowart 1976 and 1982, Andrews et al. 1982, Tricca et al. 2000, Porcelli and Swarzenski 20031. Small amounts of water-rock 
interaction over long periods of time at Yucca Mountain have caused preferential removal of 2 3 4 ~  relative to 2 3 8 ~  in
repository-horizon rocks ( 2 3 4 ~ / 2 3 8 ~  AR less than 1.0) and enrichment of 2 3 4 ~  in the percolating UZ water ( 2 3 4 ~ / 2 3 8 ~  AIt 
greater than 1.0) [Gascoyne et al. 2002, Paces et al. 2002, Paces and Neymark 2004, Neymark and Paces 20051. 
Small differences in water-to-rock mass ratios around lithophysal cavities (voids formed during the emplacement and 
cooling of the 12.8-million-year-old welded Topopah Spring Tuff) persisting over long periods of time can lead to spatial 
variations in 2 3 4 ~ / 2 3 8 ~  AR of both rocks and water. The degree of secondary redistribution of 2 3 4 ~  and 2 3 8 ~  between rocks 
and water migrating through the UZ depends on a number of physical and chemical factors such as porosity, surface area, 
water content, flow velocity, weathering rates, U concentrations, and adsorption [Tricca et al. 2000, Porcelli and Swarzenski 
20031. Most of these factors are likely to remain constant over 1-meter (m) spatial scales in welded tuffs at Yucca Mountain, 
which have high degrees of chemical homogeneity [Peterman and Cloke 2002a, 2002b?]. Therefore, differences in water-to- 
rock mass ratios in the area surrounding a given lithophysal cavity is the main factor controlling differences in 2 3 4 ~ / 2 3 ~  AR 
observed in whole-rock or water samples. The goal of this study is to evaluate whether variations in 2 3 4 ~ / 2 3 8 ~  AR associated 
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with four individual lithophysal cavities show systematic spatial variations that are consistent with the concept of seepage 
exclusion and drift shadow. 
11. WORK DESCRIPTION 
Large (0.6- to 1.2-m-diameter) lithophysal cavities were selected near the contact between the upper lithophysal and 
middle nonlithophysal subzones of the Topopah Spring Tuff (Tptpul and Tptpmn, respectively, Buesch et al., 1996) exposed 
in the Exploratory Studies Facility (ESF) at construction stations ESF 29+79 and 30+18 (2,979 m and 3,O 18 m from the ESF 
north portal), and from the lower lithophysal subzone of the Topopah Spring Tuff (Tptpll) exposed in the Enhanced 
Characterization of the Repository Block (ECRB) Cross Drift at construction stations ECRB 16+15 and 16+17 (1,6 15 m and 
1,617 m from the Cross Drift entrance, Fig. 1). Samples were obtained from tunnel walls on an approximate (-) 10- to 
20-centimeter (cm) grid spacing beneath cavity floors (Fig. 2) using either 1 - or 2-cm-diameter bits in a hand-held percussion 
drill. 
Whole-rock uranium isotope data were obtained fro,m -0.2-gram (g) samples of pulverized drill cuttings digested using 
\ 
hydrofluoric (HF) and nitric (HN03) acids in high-pressure Teflon@ vessels. Atomic 2 3 4 ~ / 2 3 8 ~  ratios were determined using 
a Thermo-Finnigan Triton@ thermal ionization mass spectrometer equipped with ion-counting capabilities and a retarding 
potential quadrupole (RPQ) to eliminate background counts on minor isotope peaks from adjacent, large-abundance isotopes. 
Compositions of international isotope standards (NIST SRM 4321 and IRMM-036) were used to evaluate the accuracy and 
precision of isotope measurements: replicate analyses measured over the course of the study ( 2 3 4 ~ / 2 3 5 ~  of 0.00729 1Of 0.12% 
(20, n = 99) for NIST SRM-4321, and 2 3 2 ~ h / 2 3 0 ~ h  of 321,500f3,OOO (20, n = 26) for IRMM-036) are within analytical 
uncertainty of certified values. U and Th blanks (mean values of 50 and 600 picograms, respectively) were routinely 
measured and used for blank corrections. Atomic ratios were converted to AR using known decay constants [Cheng et al. 
2000, Jaffey kt al. 19711. Permil (%o) deviations of 2 3 4 ~ / 2 3 8 ~  from secular equilibrium values also are given in delta notation 
( 6 2 3 4 ~ )  using the equation 6 2 3 4 ~  = (7-1.0) x 1000, where y is the measured 2 3 4 ~ / 2 3 8 ~  AR. Resulting 2-sigma (0) uncertainties 
in 2 3 4 ~ / 2 3 8 ~  AR for individual analyses range from 0.2 to 0.3 % (2 to 3 %o) of the measured value. Thorium (Th) isotopes 
also were measured on samples from selected samples to obtain whole-rock 2 3 0 ~ h / 2 3 8 ~  AR so that secondary mobility of U 
could be evaluated relative to insoluble Th. Replicate analyses of a powdered whole-rock sample from one of the same 
Topopah Spring lithostratigraphic units resulted in relative precision (2.standard deviations) of 0.73 % for U concentrations 
and 0.22 % for 2 3 4 ~ / 2 3 8 ~  AR (total of 16 analyses) and 0.88 % for Th concentration and 2.6 % for 2 3 0 ~ h / 2 3 8 ~  AR (total of 6 
analyses). Replicate analyses (20) of a solution of U ore old enough to be in secular equilibrium [Ludwig et al. 19851 
analyzed over the same time period yielded mean and two times standard error values of 0.9984 -+0.0005 2 3 4 ~ / 2 3 ~  AR and 
1.003 *0.003 for 2 3 0 ~ h / 2 3 8 ~ .  
The chemical and isotopic compositions of water percolating through fractures and pores also may be impacted by 
heterogeneous flow around large lithophysal cavities. To test this possibility, -6-cm-diameter dry-drilled core was obtained 
from five 6-m-long horizontal boreholes drilled into the Tptpll subzone between construction stations ECRB 16t-10 and 
16+18. Downhole video logs were used to identify locations of lithophysal cavities intersected by each borehole. Additional 
boreholes were drilled adjacent to two of the horizontal holes, but at shallow angles (-3-degree plunge) in order to intersect 
drift-shadow zones 30 to 50 cm below cavity floors exposed in the first boreholes. Water from select core recovered beyond 
borehole depths of 2 m was extracted by ultra-centrifugation and analyzed for major cations (sodium [Na'], magnesium 
[M~"], silicon [si4+], calcium [ca2+], and potassium [K']) and anions (chloride [Cu, bicarbonate [HCOi], sulfate   SO^, 
nitrate PO3] ,  phosphate  PO^^‘], and bromide [Br-1) by ion chromatographic methods, for trace elements (lithium [Li], boron 
[B], strontium [Sr], rubidium [Rb]; and U) by inductively coupled plasma quadrupole mass spectrometry, and for 2 3 4 ~ / 2 3 X ~  
and 8 7 ~ r / 8 6 ~ r  by thermal ionization mass spectrometry. 
Numerical simulations of UZ fracture flow were conducted to predict the size of drift-shadow zones'that would 
potentially develop beneath meter-scale lithophysal cavities. The analytical solution of Philip et al. [I 9891, and existing 
hydrologic property data for the Tptpll [Houseworth et al. 20031, were used for simulations. The model simulates flow in a 
fracture-matrix continuum with advective and diffusive exchange between the two flow regimes. As a result, a wide range of 
fracture properties can be simulated, corresponding to observed variations in natural fractures in the welded tuffs. Atter 
completing the analytical phase of the study, simulation results will be compared to the distribution of measured 2 3 4 ~ / 2 3 X ~  
AR to help calibrate predictive models of seepage into underground openings [Finsterle et al. 20031. 
111. RESULTS 
III.A. Whole-Rock Analyses 
Preliminary results indicate that Yucca Mountain whole-rock samples under the 4 lithophysal cavities have 2 3 4 ~ / 2 3 X ~  AR 
ranging from 0.922 to 0.998 (Fig. 3A). These data indicate preferential loss of 2 3 4 ~  relative to 2 3 8 ~  from rock to percolating 
water over time due to a-recoil processes and variable water-to-rock mass ratios. The degree of 2 3 4 ~  depletion varies 
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systematically between the different sites (Fig. 3A), with the largest 2 3 4 ~  depletions present in ESF samples (mean 2 3 4 ~ / 2 3 X ~  
AR of 0.934 and 0.939 for ESF 29+79 and ESF 30+18, respectively) and the smallest 2 3 4 ~  depletions in samples from ECRB 
samples (mean 2 3 4 ~ / 2 3 8 ~  AR of 0.983 and 0.966 for ECRB 16+15 and ECRB 16+17, respectively). Systematic variations in 
U concentration also are observed between sites, although substantial overlap is present (Fig. 3A). Contributions of U from 
construction activities is negligible in tunnel-wall samples, considering the low porosity of the welded tuffs (0.09 to 0.15 
cm3/cm3) (Rautman and Engstrom, 1996) and the small concentrations of U in construction water derived from supply well 
UE-25 5-13 (0.5 micrograms per liter [pg/L] with 2 3 4 ~ / 2 3 8 ~  AR = 7.2 [Paces et al., 2002]), which is approximately lo4 times 
less abundant than U in whole-rock samples. 
Combined 2 3 4 ~ / 2 3 8 ~  AR and 2 3 0 ~ h / 2 3 8 ~  AR data from whole rock samples (Fig. 3B) plot near the 2 3 4 ~ / 2 3 0 ~ h  eqiiiline 
(loci of points with equal 2 3 4 ~  and 2 3 0 ~ h  activities). These results indicate that 2 3 4 ~  mobility has been slow enough to 
maintain local radioactive equilibrium with daughter '?OTh. Similar relations are present in whole-rock data from UZ and 
shallow saturated zone (SZ) rocks beneath the proposed repository horizon (Calico Hills Formation and Prow Pass Tuff) that 
span a much wider range in 2 3 4 ~ / 2 3 8 ~  AR (open circles in Fig. 3B; data from Neymark et al., this volume). Whole-rock 
2 3 4 ~ / 2 3 8 ~  AR greater than 1.0 for zeolitized nonwelded tuffs are attributed to sorption of U from percolating UZ water 
containing elevated 2 3 4 ~ / 2 3 8 ~  AR [Neymark et al., this volume]. 
In addition to differences in mean 2 3 4 ~ / 2 3 8 ~  AR between sites, spatial patterns of 2 3 4 ~  depletion are present at each site 
(Fig. 4). For the -80-cm-wide cavity at ECRB 16+15 (Fig. 4C), samples showing the least amount of 2 3 4 ~  depletion are 
located beneath the cavity floor ( 6 2 3 4 ~  values ranging from -15 to -2.3 %o; equivalent to 2 3 4 ~ / 2 3 8 ~  AR of 0.985 to 0.998), 
whereas samples near cavity margins show the greatest amount of 2 3 4 ~  depletion ( 6 2 3 4 ~  values from -23 to -39 %o; 2 3 4 ~ / 2 3 X ~  
AR of 0.977 to 0.961). The opposite distribution of U isotopes is observed for the largest (-130 cm) cavity at ESF 30+18 
(Fig. 4B), where samples near cavity margins have 6 2 3 4 ~  values of -46 to -63x0 ( 2 3 4 ~ / 2 3 8 ~  AR of 0.954 to 0.937) and samples 
beneath the cavity floor have 6 2 3 4 ~  values of -58 to -70 %o ( 2 3 4 ~ / 2 3 8 ~  AR of 0.942 to 0.930). Variations in 6 2 3 4 ~  are less 
pronounced for the -60-cm-wide cavity at ESF 29+79 (Fig. 4A), which has the greatest overall degree of 2 3 4 ~  depletion of 
the four cavities analyzed. .However, samples with less 2 3 4 ~  depletion are present beneath the cavity including a single 
sample with 6 2 3 4 ~  value much closer to secular equilibrium (-17%0, reproduced on two separate aliquots). Variations in 
6 2 3 4 ~  for samples from the -60-cm-wide cavity at ECRB 16+17 (Fig. 4D) also are less systematic than patterns observed for 
larger cavities. 
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1II.B. Pore- Water Analyses 
Drilling activities were completed in October 2005, and pore-water extractions were obtained for several intervals of 
core from a borehole at ECRB station 16+16. Rock porosity and volumetric water contents reported for samples from the 
Tptpll subzone in a nearby borehole (USW SD-12 [Rautman and Engstrom 1996, Table G-11) have median values of 0.098 
and 0.083 cm3/cm3, respectively, indicating median relative saturations of -0.85. Initial results for core samples obtained 
during this study indicate gravimetric moisture contents of 0.029 to 0.049 g water per g rock (approximately equivalent to 
0.073 to 0.12 cm3/cm3), but may depend more on the degree of core fragmentation than location with respect to lithophysal 
cavity boundaries. Fragmented core has lower moisture content caused by greater losses during dry-drilling relative to intact 
core. Samples of pore water from this core are more dilute than pore water samples elsewhere in the UZ (Peterman and 
Marshall, 2002). Preliminary data for seven pore-water samples-have average concentrations and standard deviations of 
1&6 milligrams per liter [mg/L] C1- and 12*6 mg/L compared to values of 47k30 C r  and 56*36 mg/L SO: for 58 
pore-water samples from densely welded ~ o ~ i ~ a h  Spring Tuff reported by Peterman and Oliver [2006]. Uranium 
concentrations in pore water samples in this study range from 1 to 5 pg/L. 
1II.C. Numerical Modeling 
Numerical niodeling focused on simulating drift-shadow dimensions for theoretical matrix- and fracture-flow systems 
(Fig. 5). The dual permeability flow model used to simulate flow and transport around an underground drift [I-louseworth 
et al. 20031 was scaled to dimensions appropriate for the meter-size lithophysal cavities investigated during this study. 
Preliminary modeling results indicate that a drift shadow is not likely to develop under conditions dominated by matrix flow. 
However, simulations indicate that small drift shadows should form under the gravity-dominated advective fracture-flow 
regime present within the proposed repository horizon. Under these conditions, drift shadows are not predicted to develop 
beneath cavities much less than 1-m in diameter; however, shadow zones should be observable beneath larger cavities. The. 
length of the shadow zone (Lp in Fig. 5) is related to the rock hydraulic properties and the cavity radius (R). Using a wide 
variety'of hydraulic properties (fine sand, sandstone, fractured tuff), shadow zone lengths beneath a I-m-diameter spherical 
cavity are estimated to be less than 10 cm but between 60 and 90 cm beneath a 2-m-diameter cavity. Current models do not 
address conditions where percolation fluxes exceed the seepage threshold and water accumulates on cavity floors. 
IV. DISCUSSION AND CONCLUSIONS 
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Preliminary results indicate that all whole-rock samples are depleted in 2 3 4 ~  relative to parent 2 3 8 ~ .  These data are 
consistent with previous results for samples of Topopah Spring Tuff at Yucca Mountain [Gascoyne et al. 2002, Paces et al. 
2002, Paces and Neymark 2004, Neymark and Paces 20051. Variations in observed 2 3 4 ~ / 2 3 8 ~  AR indicate that rocks in the 
I proposed repository horizon were subjected to variable water-to-rock mass ratios during the past million years. These data 
support the use of 2 3 4 ~ / 2 3 8 ~  AR as a sensitive indicator of water-rock interaction in rock that otherwise exhibits remarkable 
degrees of geochemical homogeneity [Peterman and Cloke 20021. Radioactive equilibrium between 2 3 4 ~  and 2 3 0 ~ h  (Fig. 3B) 
indicates that bulk leaching of more soluble U relative to less soluble Th is very low in this environment, otherwise 
2 3 0 ~ h / 2 3 8 ~  AR values would be higher due to U loss and data would plot to the right of the equiline.. Nevertheless, some 
secondary mobility of U is likely. Preliminary X-ray fluorescence analyses of these whole-rock samples indicate that the 
systematic differences in U concentrations observed between lithophysal-cavity sites (Fig. 3A) are not the result of 
differences in primary magmatic compositions. Samples of Tptpmn rock at ESF 29+79 and ESF 30+18 near Drill I-lole Wash 
have lower U concentrations and lower 2 3 4 ~ / 2 3 8 ~  AR values relative to the samples of Tptpll rock at ECRB 16+15 and ECliB 
16+17 in the central part of the proposed repository block (Fig. 1). Therefore, the positive correlation between U 
concentrations and 2 3 4 ~ / 2 3 8 ~  AR for these samples (Fig. 3A) are consistent with greater long-term losses of both 2 3 X ~  and 
2 3 4 ~  from the rock as a consequence of higher water-to-rock mass ratios in different areas of the proposed repdsitory block. 
Other factors besides time-integrated water fluxes may influence differences in 2 3 4 ~ / 2 3 8 ~  disequilibrium between the 
different sample sites. Most notably, differences in the effective surface areas from which recoil isotopes are lost play an 
important role in determining overall degrees of 2 3 4 ~  depletion. Direct measurements of effective surface area were not made 
on samples during this study. However, only small, statistically insignificant differences in rock porosity are observed 
between the mean value of 0.081 *0.025 cm3/cm3 (20) for Tptpmn rock (36 samples) and 0.107 h0.061 cm3/cm3 (20) for 
Tptpll rock (42 samples) from nearby borehole USW SD-12 [Rautman and Engstrom, 1996, Table G-I]. Therefore, both the 
U concentration and 2 3 4 ~ / 2 3 8 ~  AR data shown in Fig. 3A tentatively are interpreted as an indication of greater time-integrated 
water fluxes in the upper part of the Tptpmn near the north bend of the ESF (cavities at ESF 29+79 and 30+18), compared to 
fluxes in the stratigraphically lower Tptpll in the central part of the proposed repository block (cavities at ECRB 16+15 and 
16+17). Mineral line surveys in the tunnels indicating greater abundances of secondary minerals in fractures and lithophysal 
cavities in the vicinity of the ESF north bend relative to other areas in the ESF and ECRB (James B. Paces, USGS, wiitten 
comrnun., 1998; Brian D. Marshall, USGS, unpub. data, 2005) are consistent with data in Fig. 3A, implying higher overall 
water fluxes around cavities at ESF stations 29+79 and 30+18. 
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Patterns of 2 3 4 ~ / 2 3 8 ~  variation at individual sample sites imply that the long-term distribution of water flow around 
cavities is heterogeneous. Whole-rock samples beneath the cavity at ECRI3 16+15, and possibly at ESF 29+79 and 
ECRI3 16+17, are less depleted in 2 3 4 ~  relative to samples near cavity margins. These results indicate that the rock mass 
beneath these cavities had lower water-to-rock mass ratios, supporting the concept that seepage was excluded more 
effectively from these cavities relative to the cavity at ESF 30+18. A well-defined drift shadow appears to have developed at 
the larger ECRI3 16+15 cavity as predicted by numerical simulations. The numerical model also predicts that drift shadows 
are likely to be less apparent at the ESF 29+79 and E C W  16+17 cavities because of their smaller size (-60 cm). In contrast, 
the pattern of 2 3 4 ~ / 2 3 8 ~  variation associated with the large cavity at ESF 30+18 implies the presence of greater amounts of 
water seepage into this cavity, resulting in accumulation of flow along the floor of the cavity and greater amounts of water- 
rock interaction in the underlying rock. 
Evidence for past seepage into cavities is indicated by secondary-mineral deposits (primarily calcite and opal) present on 
cavity floors. Mineral deposits are substantially thicker and more widespread on the floor of the cavity at ESF 30+ 18 (up to 
3 cm thick) compared to sparse deposits in cavities at ECRB 16+15 and E C W  16+17 (less than 0.5 cm thick) and ESF 
29+79 (less than 1 cm thick). Greater amounts of mineral deposits at ESF 30+18 are interpreted as greater solute supply to 
the floor of this cavity by fluid flux compared to the other cavities. Therefore, greater amounts of seepage flux at ESF 30+18 
are likely to have overwhelmed any drift-shadow effects caused by capillary forces at cavity walls. 
Preliminary results support the concepts of seepage exclusion and drift shadow in cavities where percolation fluxes do 
not exceed seepage thresholds. The extent and applicability of these concepts is being tested further on additional tunnel- 
wall rock samples and pore water extracted from new drillcore as part of this ongoing study. 
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